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• _ The Rebound spacecraft attibude control is the subject of this

report. The method of spin stabilization--as opposed to using

f

I. the Agena attitude controller--was selected as a more reliable

and simple system. Primarily, the report treats the problem of
f
! "coning"--i.e., movement in the pitch or yaw axis while spirting

in the roll axis--and o£fers preliminary design data for an
J

active coning damper.

DESCRIPTORS

Coning Attitude

- Damper Controller

Rebound Active
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• Company, Inc., Missile &nd Space Systems Division, as required
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i. INTRODUCTION

|
I. This report discusses the design of an attitude controller for the

I Rebound spacecraft. This controller must maintain stabilization during
the required AO hour orbital flight period. Two general methods of atti-

i tude control_reaction _et and roll be the basis
spin--will compared on

, of simolicity of mechanization. This paper presents a prelt_,xna17design

| of an att_Lude controller using spLn stabilization.

i_ 2. I_BOUND MISSION

The Rebound vehicle must inject several satellites into spaced inber-|
| vals along a circular orbit. To do this, the vehicle will enter an

! II elliptica] parking orbit which has its apogee at the desired circular

,L

._ orbit altitude. By choosing the proper parking orbit period, the
f--

li Rebound vehicle will reach satellite injection altitude while pre_iously

injected satellites have c_npleted only a portion of their circular or-

i!Ii_ bit. Thus, by releasing satellites at &nogee, the ;qebo_d wi]_i zpace

_,I_ them as desired in the circular orbit.
L

2.1 Vehicle Control

i[ When the Rebound whicle reaches apogee, two main conditions must b_

'_ | fulfilled before successful injecti_n of a satellite can be made. _'!_'st,
K

i the satellite must be spinning _t aForoximately 120 RPM in order to

stmbilize it during acceleration into circular orbit. Secovd, _e

_ satellite must be pointed in the proper direction so that _t_ snKine$'

"_. impulse can add velocity in the right direction.
%

°l__

I'1

, _ _.t . II -- I II ] • I
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3. USINGTHZ A,'_-_AATTITUDEC_ThOL '1"0STABILIZE F_EOL_'D /

Since the Agena boost vehicle is attitude stabilized, the Refund

vehicle could be left connected after t,he parking orbit is a_tained. It

_mid then depend on the Agena vehicle for it__ _-%abiliz_t_on. During

fli_.t in the parking orbit, a slow roll-turning rate wou_._maintain an

even dlstr%bution of sum-heat over the Rebound' s surface. At the point

!

of satellite injection, the Rebound vehicle would spin up to the re- _

q,_ired120 m_M, inject a spinning satellite, and tn_n de-spin down to the _I
m _

heat-_istrih_tion spin rate untxl the v_hicle reached its apogee again.

Hore, the sequence would be repeated. }_

By orientxng the Rebound_ s spin axis in the proper direction, spinning

the vehicle to the satellite injection spin rate (120 P6_I._, and detaching

the Agena b_ost vehicle, the required stabilization could be achieved.

: _e satellites _uld need Only to be injected in turn into orbit for the

:o!

mission to be acccmp!iehe_. _

_.i Conin_ Phenomenon

If the vehicle possesses spin about an axis other than its intended

spin axis (roll), a wobble will be present. As the vehicle _pins, the l

i roll axis will rotate at an angle about the resultantangularmomentum

a_S_=scribing a "cone". Because the satelliteengines thrust vector
7

is in l_ne w_th the vehicleroll axis, its impulsewill be directed

away from.the desired direction by an angle equal to the coning angle.

|

m_ u ..............
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! h.l.l Energy States
i

I For a vehicle spinning about its roll axis:
!
i
"i! Pr _ Ir°_r where: Pr " roll angularmomentum

i _ _Er - }Ir o,r Ir = roll mmment of inertia

•i ! _, - roll spin rate
_ r

i Er = kinetic energyI •

: Spinning aboug its Ditch or yaw axis (assmaing I - IO = Iy)'.

_ P " Io,
|!

Once the vehicle has been spun and released, its anEala.- momentum cannoti
change (neglecting gravitational field gradient, etc.)

[_ So, for a vehicle changingits spin axis from roll topitch:

i Pr =P
and: _ " _r o)ri

(} therefore: E - ½T (I_rOr )2
: I

iJ i 'E " r " ½1r _r

Ill
so: E = Ir Er

i_ ILi
The last ecmationtells us that a vehiclewith a given angularmomentum

_J 'will have differentkinetic energiesof rotation as it spins about axes

which have differentmoments of inertia. Conversely,if the kinetic

_-J energy of rotation of a vehicle is changed without chan_ing its angular "

" _ momentum, it must change its axis of spin to one having the prope_-

moment of ine_ie.

2
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A.l.2 Notation of _m_ular Momentum Vector in Pi+_h and Yaw Axes

If the an_ular momentum vector of a s_nning vehicle does not lie in ,.

the roll axis, then a ._o_,__tionof it must lie in the pitch and yaw i 'i .
plane. (See Figure i) The rates produced by this projection about the

! pitch and yaw axes till vary.as the projection rotates about the roll _, -

axis. Thua, when the projection lies along the pitch axis. Pp = P i

-'_ tan _ and when the projection has moved through 180°, Po Pr tan O. i i

By _roducS_g a reciprocating torqae on the vehicle frame that is in _i
opposition to the projection of the total angular momentum vector on '_

the pitch axis, the projection can be driven toward zeco. [ _

h.l.3 ".Kner_vLoss Consider-.tions i_}
:I. Kknetic energy loss in the vehicle frame, because of body flexing _lich ,

creates heat, is expected to be minimal when the coning angle is near ii
!

zero or ninety degrees (full t_b! _) Therefore, as long as the tip-off

i impulse is small at separation from the boost vehicle and energy is

: supplied to the vehicle before t.._ coning an_le_is allowed to grow, i_

u_due energy loss from body flexing can'be avoided. For small coning ["

i

_ angles, the angle will grow by the relation: !:ii

O- 0 ekt where: 0 is the initial (tip-off) angle. *

o I_- I r o
'_ E = --E r is a special case of the relation:

E = - p2 r I .!I s_n20 I_

•:- *Th_mp_n, W.T., and Reiter, G.S., "Attitude Drift of Space Vehicles", l:i_i_

Journal of Astrgnautica! Sciences, Vol. 7, No. 2, Summer 196C, ,} i]i

_ pp. 29-3&.

ii

] 965005590-0 ] 3





dE . _ p2 [I -lJ sin 2_ d_SO:

but: d____O= k_ ektdt

so: dE = -_PO°ektdt.-_ 21 [-_r -II sin 28° ekt

or: dE = klekt sin :k2ekt

.t i
This is for smal3 angles and I is greater than Ir (a long ve.hicle).

• !

Power loss near ninety degrees also decreases tow;rd zero because the !

minimum energy the vehicle can possess is that which is required to Ii

maintain its an_ular moment_n about its axis of greatest moment of

inertia. So dE will decrease to zero as "t" goes to infinity. Thedt

integral of _ from zero to irfinity will be eoual im the total energy l idt " i

change of the vehicle from tip-off angle to full tu_bl_ or for un-

corrected coning: [

' i
/ aE, _

Er

g

assumin_ Oo to be near zero. _ii
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_; &°2 Reduction of Conin_ An_le

! _,' AS hinted in paragraph _.i.2, coning c_n be curtailed by reducing the

} magnitude of the projection of the total angular momentum vector on the

pitch and yaw plane. Since the projection is rotating in that plane, " :

_J it is reciprocating on the pit_h and and a device _ich will
yaw axes_

produce an opposing angular momentum about one of those axes will reduce

L its magnitude. Althou_h a net angular momentum change cannot be pro- ;

{: duced within a Closed body, i.e. the vehicle_ a reciprocating change can

be produced alternately storing and ,releasing angular momentum from some

|i member within the vehicle. As the projection on the pitch and yaw plane
|3

is reduced, conservation of angular momentum demands that the removed

[j momentum appear about the roll axis and, consequently, the vehicle goes !

| _ _,,into a higher energy state.

il
I

I _.3 Comparison of Stabilization Methods
ii Table I presents a Comparison between the sequence of events that will

"_ occur after boost using (I) the boost vehicle control system, and (2)

Rebound spin stabilization.,

The coning damper will be active after boost vehicle separation and

I during satellite _nJections for a total estimated time of one hour.

Because the loss of energy from the vehicle frame is small when the

coning angle is small, intermittent operation of the damper (estimated

10% duty cycle) will keep the coning angle below the threshold value.

The eliminated operations include:

two spin-up operations

two de-spin operations

U "

U . 7

II I i i i l /
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continuous rotation of the vehicle by electric motor

continuous operation of the boost vehicle attitude control system

The added operations include:
I'

_-; one separation operation

_} intermittent coning damper operation

The system simplifications resulting from the use of the coning damper

,._, _iI enhance reliability by a respectable nargin.

_ 5. THE REBOUND CONING DAMPER

_; 5.1 Operational Reauirements !li i
_e following operational requirements must be fulfilled by a coning

ii d_mper system. It must be capable of reducing any initial coning angle

to near zero in a reasonable length of time. These three values are

here taken t_) be:
L

i expected initial angle = 1°

!I "near zero" null response = O.i°

I! "reasonable time" - response - 30minutes

_! The size of the device is not critical--provided there is room for it _n

the alrframe--and therefore was not considered in this study. The weight

iI!i of the damper must be held to a mqln_mum. A reasonable design goal will

be thirty pounds. Power requirements are directly tied to the weight of

I] the system. With the above weight goal, the power consumption design

If goal will be 15 watts. The choice of simple design plus qualified and
" teated components will enhance the reliability of the system. Another

ilu
i II advantageous factor will be its isolation from the other Rebound vehicle

systems.

P
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5,_ _ Environmental Requirements

The _)_tam__!! be called on to withstand a variety of environments.

It must be fully tested and qualified.

Th_ :min prefii_ht environmenta] stresse2 wnich the coning damper must

withstmnd are tL_e£oliow_ng:

Temperature: -iO°F to _125°F

Pressure: i arm to 87 mm Hg

Humiuity: per MIL-E-5272C Procedure I !

Launch environmental requlr_ments are:

Temperature: 75°F +_15° t

Pressure: I stn }

Vibration: 8-200 cps 2.7g (zero to peak)
2CO-300 cps A.Sg (zero to peak)

Acceleration: ii.25g

O_bital environmental requirements are: ii

Temperature: 75°F -+15° !i

Altitude: 1500 naut. miles
I

Test Pressure: lO-6 mm of Hg I 1

Acceleration: C g

Radiation: 250 RADS, hl_h energy pro+ons [i

l

5.3 System Description )i
, i

The coning damper system must perform in _his manner: it will sense

lliany angular rate about the vehicle's pitch axis. It will then produce

a torque in the proper phase Which will act to reduce that angular rate. [_]
t'

Figures 2 and 3 presen_ alternate block diagrams--elther using a DC

_.0 _
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-_ power source or an AC power source--of the Rebound coning damper system.

5.3.1 Acce!erometer

;_ The accelerometer must respond to fairly low level signals. The peak

, . Ir 2
•_ acceleration (Ap) that it sees "m each c3cae eou_is 2 -- r3_ 0

• ;_ Ip .. r

where r. is the distance from the center of vehicle bo the accelerometer
)

: _ (i.e., two feet). ,,

}_ Ap _ (2.392)ft/sec2 (with 0 in degrees) l_

At tip-off, the accelerometer must respond to a peak-signal of

i} 2.392 x i = 2.392 ft/sec2. At null: 2.392 x C.l = 0.2392 ft/sec2.

_i To keep power consumption in the accelerometer assembly at a minimum,

!.I
a device using a sei_ic mass with a potentiom_ter pickoff would be

i desirable for this application. However, the friction of a wiper arm

would keep such an accelerometer from responding at the lower levels

__} that will be encountered. A force balance _ervo-accelerometer, with

i} slightly higher power consumption, will re_pond to the minimum acc_lera-
t'_ on encountered.

!1 5.3.2 Shaping Networks

| Bcth a high pass and low pass filter will be needed in this system.

The high pass filter will remove any DC bias caused by accelerometer

misalignment and shift of the center of gravity. It must pass signals

at one cps or higher. The low pass filter w_l_'be a conventional RC

shaping network used for system stability.

U
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5.3.3 Inverter-Controller

Yhe inverter-controller will convert battery current to t_-phase alter-
5

nating current. It will supply tho alternating current--in correct !,
F

phase--t_ the inertial drive motor. For maximum efficiency, it will

operate "class D" varying the width of the Output current in response i

to the control signal. Figure _ shows the output versus input signal of

the invert_r-contrcller. The unit will be d_siRned to draw a minL_um of i

current _hen no poweT.,is being supplied to th__,inertial drive motor, ii

5.3.L DC Power _witchinR ._

UJir_ a DC inertial drive motor, a power switching device can be made _

_Li:= to operat_ very efficiently. It will switch on power to the motor when Ii

the control sisal rises above its threshold value and reverse poiariby

th._ough
41

:_ whenthe co=trolsignalvoltage Roes zero. |i

A design ms first att_d which _.clud_ an induction drive motor

: and inertial wheel as an integral package. _.is package _uld have had i _

the two Rreat advantages of having been already designed and of not

i having coupling losses between the drive motor and the driven wheel.

=: Subsequent analysis of the vehicle response by analog computer showed _

that response time was excessive in the _or_ue range for which these

packages have been designed. Therefore, _ series-DC motor capable of li:

far greater torcn_ehas been selected for use in the integral package

rat_er than the inductlonmotor. A typical uzit of this t_e, ma_ufac. ["J

_ured by Bendix Company, is illustrated in Figure 5. The inertial _
H

package will attach to the vehicle frame and use it as a heat sink.

I
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A bridge diode circuit will reverse the relative directions of current

in the rotor and stator when po]arity to the motor is reversed, enabling

motor direction reversal to take place.

A saving in current required for the motor could be made by inserting

a gear train between the driving member and the inertial wheel, thus

increasing the torque on the _heel for a given motor torque. However,

because of the simplicity of this integral package, and because it has

_ already been developed for space applicatipns, it has been selected--

! ra_er than a gear train drive--for this design.5.3.6 Feedback

I
' System analysis indlcat_s that feedback will not be required for

i stability. For simplicity, it would be desirable to avoid feedback

altogether. Using _ome designs, wheel runaway 4ue to accelerometer or

amplifier unbalance would require that some rate feedback-be used toI
i

hold the wheel speed to a limiting value. But with the present design,

[i the wheel speed curve will remsin fairly symmetrical about zero and

quickly drop to zero _len co_rol goes below threshold.

5.& Sjyst,em Design Considerations

The subsystems of the ogling damper consist of the accelerometer

I_l assembly, the shaping networks, the power switching, the inertial
package, and th_ power source. This attitude control system has been

If designed to operate s_lely on 28 volts DG supplied by a standard space

vehicle battery,

t_

| U _ _ _'_ 17
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5.&.l Accelercm_ter Assembly

The accelerometer must respond to an approximate sine wave of about

1.5 cps with a maximum amplitude at tip-off of 2.& ft/sec2 and a maxi-

mum amplitude at system threshold of 0.24 ft/sec2. Accuracy, linearity,

zero output, and temperature sensiti;_ty are not critical. Resolutionc

and power consumption are critical. A for_;e-ba!anceservo-accelerometer

has the characteristics needed. The £mportant parameters are:

Input P_er: less than one watt

Output: + DC voltage

R&uge: greater than + 0.07&75 g ii

Resolution: better than 0.001 g

Pressure: vaeuam to one atmosphere ii

A representative accelerometer which meets these requirements is the

_4
DONNER &310 linear servo-accelerometer. It exhibits %he following -;

t

characteristics: II

Input Power: 0.3 watts maximum

Output: ! 7.5 volts DC at 1,5 ma i!

7 _

I Resolution: 0.0601% of full scalePressure: vacuum to five atmospheres absolu@e [_
tl

(storage) -65°F to +200_°F

(operating) -&O°F to +200vF

5.&.2 Shapir_ Networks t_]

-_ Provided the control siFnal input impedance of the power swit_.Ing

"_ system is sufficiently high, the high pass filter, used for blocking

- !.1
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any DC bias from the accelerometer, will present no unusual problems

I in design. And, standard parts can be used throughout. The control

signal shaping network will be a stmldard KC filter. Together, these

two filter_ can be mounted within the inverter-controller.

: 5.&.3 Inverter-Controller

! A block diagram of the inverter-controller is shown !._Figure 6.

kssentially, the inverter-controller is a two-phase, "class D" static

3
!

i inverter with pulse duration controlled by the control signal instead

, - of a voltage regulator circuit. The phase-shift network advances or

i! retards the oscillator phase by 90° depending on the cc_trol signal

;, polarity. The driver-modulator fires at different levels on the tri-
l

i} angular wave from the integrator depending on the control signal volt-

il age. As the control signal voltage drops toward zero, the _ddths of

the output pulses narrow. When the control signal dro_ below the

H threshold value, the pulse width becomes zero and no batter5,power is

drawn for the motor. The design is straightforward, involving standard

circuits and components. The inverter_controller can be designed to

[, have the following characteristics:
L!

, Input: 28 V DC

lJ Output: 2-phase, /4 wire, I 900 phase angle (depending
on polarity of centrol signal)

-!

Ouiescent Power: _ Watts

li Weight: less than iO pounds

.11
0
i 19
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5.&°& DC Switchin_

A block diagram of the DC Switching device is shown in Figure 7. It

will have the following characteristics:

Input: 28 volts DC

Output: 28 volts DC (polarity reversal)

Efficiemcy. 90%

Quiescent power: I watt

i Wei_.t : 3 pounds

!

5.&.5 Inertial Package
t

The inertial package consists of the drive motor and inertial wheel.

+ The motor has an "inside-out" construction which permits the inertial
J

wheel to be made an integral part of the motor. The unit is sealed,
/ 2

it can operate in hard vacua+, and it has r._'dundantbrushes to ensure
t

reliability, it is very similar to units developed for such space

vehicles as "Nimbus", "Advent", and "OAO". It utilizes the vehicle

I] frameas a heat sink to r_ove excess heat. Its characteristics are:
Power consumption: 60 watts maximum +

f

Size: 2" outside diameter &.75"w_de

I Motor type: DC series

II Input power, 28 volts DC
Inertia: 0.059 slug f_2

_ Torque (stall): i foot pound

The Bendix Eclipse-Pioneer (X-1790091-I) _nertial package stands as an

II
U example.
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I 5.&.6 Running Time

,! An estimate of system running time based on vehicle response studie_ ,

I '

i is: one-half hour after boost and fiftec_nminutes after each canister"

separation to reduce tip-off coning, and 10% of the coasting time tot

reduce vehicle frame energy-loss coning. Expected "on time" of the

i attitude control system would therefore be O.i x &O + I = 5 hours.

Total energy (on) = _ x 5 = 333 watt hours _
l o.9o i

Total _nergy (off) = (i + i) _0 = 80 watt hours i

i (acceleration + quiescent) _13 watt hours total

I Choosing a standard HR-15 battery with 17 cells and _20 watt hours, the

1 battery weight will be IA pounds.

l
1 5.5 Overall Performance

1 The coning damper described in this report can be expected to maintain
the alignment of the Rebound vehicle' s spin axis with its total angulae

[i moment1_n_ vector, thus enabli_ the ve_ic_e to inject its p_yload _ccu-

rarely into orbit. As mentioned previously, the power required by the

!I coning damper is expected to be two watts continuously throughout the

" il flight and 66.7 watts intermittently for five hours. The subs.vstem
weights are estimated to be:

_Ii Accelerometer Assembly O.5 po,Ands "

Shaping and DC Switching 3 pounds

!I Inertia! Package 18 pounds

_ ii Battery __ _pounds
- 35.5 pounds tot__,__

- _ 23
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The coning damper will be designed to reduce the coning angle to less

than O.i degree. Because of the simoiicit_' of this system and the use ,:

of conventional components and designs, its reliabil_ty _s expected to

be better than 0.999.

/

6. CONCLUSION

The attitude of the Rebound vehicle can be simply and reliably stabil-

ized by the use of a coning damper. Not only i,= the damper itself

quite simple in design, but its use will materially simplify the mission i

sequence of events, I

b--

!I

i •

'I

_ j

! ,

L

H

iI
i,

24
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